The water retention behaviour of compacted bentonites is strongly affected by multi-physical and multi-scale processes taking place in these materials. Experimental data have evidenced major effects of the material dry density, the imposed volume constraints and the soil fabric. 
The water retention curve is one of the fundamental properties required for predicting the behaviour of unsaturated soils. Early water retention models (Gardner 1958; Brooks and Corey 1964; van Genuchten 1980; Fredlund and Xing 1994) were formulated as a unique relationship between suction and the degree of saturation (volume of water over volume of voids) or the water content (mass of water over solid mass). These models
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were later extended to account for the influence of void ratio on the water retention curve and more specifically, on the air-entry value (see Gallipoli et al. 2003; Mbonimpa et al. 2006; Nuth and Laloui 2008; Tarantino 2009; Masin 2010; Zhou et al. 2012 , among others).
In the case of compacted clays, the aggregated fabric of the materials, characterized by 30 intra-aggregate and inter-aggregate pores, has been recognized to play a significant role on the water retention properties. In particular, the influence of clay fabric and its evolution have been discussed in the literature highlighting the role of compaction water content (Thom et al. 2007 ), the hydro-mechanical path (Lloret et al. 2003; Romero et al. 2011; Dieudonne et al. 2014a; Seiphoori et al. 2014; Della Vecchia et al. 2015) and the chemical 35 composition of the pore fluid (Mata et al. 2002; He et al. 2016; Thyagaraj and Salini 2016) . Accordingly, in recent years, water retention models have been developed to account for the role of the compacted clay fabric. These models mainly rely on information provided by mercury intrusion porosimetry (MIP), linking the cumulative pore volume to an apparent pore size. MIP results do not only provide useful information about the pore 40 size distribution of a porous medium, but they are also exploited to obtain information about the water retention properties via the Laplace equation, which establishes a relation between the pore radius and the matric suction. Romero and Vaunat (2000) proposed the first water retention model accounting for different retention mechanisms in the different structural domains, introducing void ratio dependency only at low suction level,
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where capillarity phenomena dominates. The same approach was followed by Romero D r a f t et al. (2011) and Della Vecchia et al. (2013) , where the role on the hydraulic response of compacted clay of the evolution of aggregate size has also been introduced. MIP information has also been explicitly introduced in water retention modelling by other Authors to develop water retention models able to account for evolving fabric ful 2002; Casini et al. 2012; Beckett and Augarde 2013; Hu et al. 2013; Arroyo et al. 2015) .
Despite providing satisfactory results for medium to low activity clay materials, the models proposed up to now are not particularly suited to simulate the retention properties of bentonite-based materials. Indeed, in the case of compacted bentonites, the material 55 swells significantly upon wetting, resulting in important changes in dry density that are not easily accounted for by the existing water retention models. For these materials swelling is mainly related to the significant volume changes of the aggregates upon hydration and the volume of water held by the microstructure is in several applications significantly larger than the one stored in the macropores. Being water in the microstructure mainly 60 stored by adsorption, it is evident that the capillary tube scheme is not representative of the physical processes taking place in such materials and that more realistic physical processes have to be considered to overcome pure phenomenological approaches. Another significant drawback of the current modelling approaches for the water retention behaviour of compacted bentonites is given by the huge number of parameters required to calibrate 65 the models. Calibration procedures are often heavy, requiring information to be collected at both the laboratory and microscopic scales. Despite proposed correlations with traditional geotechnical parameters (see Romero et al. 2011; Della Vecchia et al. 2015) , when numerical analyses at the large scale are of concern, a heuristic approach in modelling the water retention properties is generally followed, considering a unique relationship between 70 suction and the degree of saturation calibrated on the specific problem, hence disregarding the evolution of the water retention properties with the hydromechanical state of the barrier (see Dupray et al. 2011; Gens et al. 2011; Sánchez et al. 2012; Thomas et al. 2013, among others Experimental observations on the retention properties of compacted bentonites
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Water retention domains
The existence of two water retention domains in compacted bentonite-based materials has been highlighted by several Authors (see for instance Lloret et al. 2003; Villar 2007; Loiseau et al. 2002; Agus et al. 2013; Seiphoori et al. 2014; Wan et al. 2015; Gatabin et al. 2016) . Experimental data show that:
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• For high suction values, the amount of water stored in the soil is not affected by the dry density. In this domain, water is mainly adsorbed at the surface of the clay particles and water retention is mainly controlled by the physicochemical properties of the clay minerals, in particular the specific surface (Tuller and Or 2005 domain.
An example is provided in Figure 1 for Febex bentonite (Lloret et al. 2003) . Samples of Febex bentonite were compacted to different dry densities and then wetted under confined or unconfined conditions. Figure 1 shows that, up to a suction of about 15 MPa, the water retention curve is independent from the dry density, while for lower values of suction, it 110 becomes dry density dependent.
Microstructural analyses performed by Lloret and Villar (2007) on compacted Febex bentonite highlighted the presence of at least two structural levels in the material. In particular, mercury intrusion porosimetry and electron microscopy data evidenced the presence 115 of porous clay aggregates separated by inter-aggregate pores. Lloret and Villar (2007) showed that the microstructural features were independent from the compaction effort, while the volume and size of inter-aggregate pores decreased for increasing compaction effort.
Effect of initial dry density
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The effect of dry density on the bentonite structure is essentially related to changes in the inter-aggregate pore volume and the pore size distribution in this domain. Within a relatively large range of dry densities and water contents, it has been observed that the compaction process mainly affects the macrostructural pore volume (Lloret et al. 2003; Lloret and Villar 2007; Saba et al. 2014 fined, along a drying (respectively wetting) path, as the suction beyond which air breaks into the saturated porous space (Della Vecchia et al. 2015) .
The influence of the dry density on the water retention curve of compacted MX-80 bentonite has been recently studied by Seiphoori et al. (2014) . In order to further highlight this influence, Figure 3 presents the evolution of the air-145 occlusion value s AO as a function of the void ratio e. The data can simply be fitted by using a power law of the form:
where A and B are material parameters. Such a law has been adopted for instance by Gallipoli et al. (2003) , Tarantino and De Col (2008) and Gallipoli (2012) in water retention models and it is consistent with the proposals of Romero et al. (2011) 
Effect of the volume constraints
A specific feature of compacted bentonite-based materials is the important sensitivity of 175 their water retention properties to the imposed volume constraints. Experimental data on compacted bentonites show that, for a given suction, the quantity of water stored under free swelling conditions is greater than it is under prevented swelling (Loiseau et al. 2002; Lloret et al. 2003; Ye et al. 2009; Seiphoori et al. 2014; Gatabin et al. 2016 ). In bentonites, coupled hydromechanical processes are indeed extremely strong, so Let us write the degree of saturation as the ratio between the water ratio e w (volume of water over solid volume), and the void ratio e
Equation (2) evidences the dependence of the degree of saturation on both water ratio and void ratio. In particular, Tarantino (2009) introduced the concept of hydraulic wet-
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ting to describe an increase of the degree of saturation due to an increase of the water ratio. Accordingly, the term mechanical wetting was used for an increase of the degree of saturation resulting from a decrease of the void ratio.
Competing effects of volume change and water uptake on the water retention behaviour 
Model formulation
Based on the experimental observations and the water retention mechanisms thoroughly described in the previous section, a water retention model for compacted bentonites is in the two domains is just a seeming complication of the existing frameworks, performed to the aim of keeping the number of model parameters as limited as possible, as well as to find some parameters which can be considered, as a first approximation, constant for any bentonite.
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Accordingly, the proposed water retention model is formulated in terms of water ratio e w in order to evidence the role of the different water retention mechanisms, namely adsorption in the microstructure (inter-layer porosity and inter-particle porosity) and capillary storage in the inter-aggregate porosity, according to the framework proposed in Romero and Vaunat (2000) and Romero et al. (2011) . The water ratio e w is thus expressed 230 as the sum of a contribution from the water stored in the micropores e wm and a second D r a f t contribution from the water contained in the macropores e wM ( Figure 5 )
It should be mentioned that the volume of adsorbed water content may be greater than the intra-aggregate pore volume as measured in mercury intrusion porosimetry tests. Indeed some water is adsorbed at the surface of the aggregates (Lloret et al. 2003 ). Yet this 235 phenomenon is not explicitly taken into account in the present model.
The degree of saturation S r is then expressed as
where S rm and S rM are respectively the microstructural and macrostructural degrees of saturation. S rm is defined as the ratio between the volume of water in the intra-aggregate which is defined in terms of water ratios, but they can be calculated a posteriori once the water ratios (e wm and e wM ) and the volume of the intra-and inter-aggregate pore space (e m and e M = e − e m ) are known.
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In the following, thermodynamic equilibrium between the microstructure and macrostructure is assumed. Accordingly, the current value of suction applies to both structural levels. 
where Ω wm is the volume of water adsorbed in the micropores at temperature T and relative pressure u v /u 0 v , R is the universal gas constant (= 8.314 J/mol·K), and Ω m is the total volume of the micropores, n ads is a specific parameter of the system, called heterogeneity factor. β D is termed similarity constant and E = β D E 0 is the characteristic adsorption 270 energy for the given system. E 0 is the characteristic energy of adsorption for a reference vapour for which β D = 1.
Equation (5) 
Furthermore, Kelvin's law may be used to express the relative pressure
where RH is the relative humidity, M w is the molecular mass of water (= 0.018 kg/mol) and ρ w is the water density. Gathering the constant parameters, the following expression is finally adopted for the microstructural water retention domain 280 e wm (s, e m ) = e m exp [− (C ads s)
where n ads and C ads are material parameters. The parameter n ads controls the curvature of the water retention curve in the high suction range, while C ads is associated to the air-entry (or air-occlusion) suction of the intra-aggregate voids ( Figure 6 ). It is related to the original Dubinin equation through
For typical values of E = β D E 0 ranging between 1 and 10 kJ/mol, C ads varies between 285 0.018 and 0.0018 MPa −1 . According to our proposal, the microstructural water content is assumed to depend just on the microstructural void ratio (i.e. on the size of the aggregate) and on suction. Direct dependence on soil dry density is thus disregarded.
Macrostructural water retention domain
The van Genuchten (1980) water retention model has been successfully used to model the 
where e is the void ratio.
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In this paper, the van Genuchten equation is selected to model the macrostructural water retention domain. Accordingly, the void ratio e is replaced by the macrostructural void ratio e M = e − e m , and the macrostructural water retention model reads e wM (s, e, e m ) = (e − e m ) 1 + s α
In order to represent the influence of the bentonite structure on the air-entry value, the parameter α is assumed to depend on the macrostructural void ratio. 
where A controls the dependence of the air-entry pressure on the macrostructural void ratio. This relationship is similar to Equation (1) for B = 1, while accounting for the double structure of compacted bentonite. Accordingly, the influence of the void ratio on the macrostructural water retention curve is clearly related to the air-entry (or airocclusion) value of the material: the lower the dry density, the lower the suction needed 310 to empty the macro-pores.
D r a f t
Microstructure evolution
The microstructure of bentonite is significantly affected by changes of its water content.
In particular, the evolution of the microstructure during wetting or drying paths may be characterized by the evolution of the microstructural void ratio e m . In order to account 315 for structural changes of the material along the water retention curve, the microstructural model proposed in Della Vecchia et al. (2015) is introduced in the water retention model.
It reads
e m = β 0 e 2 w + β 1 e w + e m0 (14) where e m0 is the microstructural void ratio for the dry material (e w = 0) and β 0 and β 1 are parameters that quantify the swelling potential of the aggregates. These parameters are Table 1 . Further details on the calibration of the microstructure 325 evolution law (14) are given in the section entitled "Microstructure evolution parameters".
The influence of the microstructure evolution on the water retention curve is highlighted in Figure 7 . In this figure, the water retention curves for two values of e m constant are represented, together with the water retention curve considering microstructure evolution.
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As observed, the increase of microstructural void ratio upon wetting under constant e yields an increase of the apparent air-entry value as a consequence of the decrease of the macrostructural void ratio.
Calibration procedure D r a f t
• C ads and n ads to describe the water retention response of the intra-aggregate pores,
• A, n and m to describe the water retention response of the inter-aggregate retention region,
• β 0 , β 1 and e m0 to characterize the evolution of the microstructural void ratio with the water ratio.
340
Microstructure evolution parameters
The parameters of the evolution law of intra-aggregate void ratio with water content (Equation (14)) can be estimated first, independently from the other parameters. They An alternative way of obtaining a first estimate of the parameters of Equation (14) comes from the correlations between these parameters and soil properties (like specific surface or activity index), as presented in Romero et al. (2011) and Della Vecchia et al. (2015) .
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Microstructural water retention parameters
The microstructural parameters C ads and n ads control the water retention behaviour at high values of suction. The calibration of these parameters is made easier by presenting experimental data in the (s − e w ) plane, where the independence on dry density is highlighted. At high suction values, a collection of points in this plane (also corresponding to 360 D r a f t different dry densities) is sufficient to calibrate the two parameters. In particular, Figure   8 shows how the parameter C ads controls the slope of the water retention curve in the high suction range: the higher C ads , the steeper the slope of the water retention curve in the (s − e w ) plane. Finally, the value of e m required to evaluate e wm can be considered known for a given water content once that the calibration described in the previous section has 365 been performed.
Macrostructural water retention parameters
In order to calibrate the macrostructural water retention model, experimental data for different dry densities are required. The macroscopic parameter A allows for tracking the dependency of the water retention on void ratio: it can reproduce the correct evolution of 370 the air-entry (or air-occlusion) value of the material with dry density. The parameters n and m influence the desiccation/imbibition rate of the material in the low suction range.
Remarkably, they have shown to hardly vary from one material to another (see the next section). The following values can be used in a first approximation: n = 3 and m = 0.15.
Experimental validation
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The proposed water retention model is validated against experimental data from the literature. Attention is focused on bentonite-based materials in which coupled hydromechanical phenomena are extremely strong. Yet the model can be used for compacted clays with lower activity and which display an aggregated structure upon compaction. is mainly controlled by the bentonite pellets. On the other hand, the large inter-pellet pores do not significantly affects the water retention behaviour of the material as they tend to disappear upon isochoric wetting.
MX-80 bentonite
Villar ( 
MX-80 bentonite/sand mixture
The water retention properties of a mixture of 70% MX-80 bentonite and 30% sand mixture were studied by Gatabin et al. (2016) and under both confined and unconfined conditions. In order to better understand the mechanisms behind the competing effects, the evolution of the total, microstructural and macrostructural void ratios upon wetting is analysed.
Under confined conditions, wetting leads to an increase of the microstructural void ratio (following the evolution predicted by Equation (14)), hence a decrease of the macroporous 470 volume (Figure 15(a) ). On the other hand, when the sample is wetted under free swelling conditions, the overall swelling of the sample is more important than the development of the microstructure (Figure 15(b) ). An increase in the inter-aggregate volume is predicted.
Summary Table 2 presents the values of the model parameters calibrated for three bentonite-based properties of the material. On the other hand, the microstructural parameters vary for the different materials. It is likely that they depend on physicochemical properties of the materials, such as the specific surface area and the cation exchange capacity.
Conclusions
In this paper, the main features of the water retention properties of compacted bentonites 485 are first reviewed and explained at the light of the bentonite structure. Owing for strong multi-physical and multi-scale coupled processes, a particularity of bentonites is that the density of the material is evolving not only along mechanical paths, but foremost upon wetting and drying. 
